Cucumber mosaic virus (CMV) RNAs were found to serve as cap donors for rice stripe virus (RSV) transcription initiation during their co-infection of Nicotiana benthamiana. The 59 end of CMV RNAs was cleaved preferentially at residues that had multiple-base complementarity to the 39 end of the RSV template. The length requirement for CMV capped primers to be suitable for elongation varied between 12 and 20 nt, and those of 12-16 nt were optimal for elongation and generated more CMV-RSV chimeric mRNA transcripts. The original cap donors that were cleaved from CMV RNAs were predominantly short (10-13 nt). However, the CMV capped RNA leaders that underwent long-distance elongation were found to contain up to five repetitions of additional AC dinucleotides. Sequence analysis revealed that these AC dinucleotides were used to increase the size of short cap donors in multiple prime-and-realign cycles. Each prime-andrealign cycle added an AC dinucleotide onto the capped RNA leaders; thus, the original cap donors were gradually converted to longer capped RNA leaders (of 12-20 nt). Interestingly, the original 10 nt (or 11 nt) cap donor cleaved from CMV RNA1/2 did not undergo direct extension; only capped RNA leaders that had been increased to ¢12 nt were used for direct elongation. These findings suggest that this repetitive priming and realignment may serve to convert short capped CMV RNA leaders into longer, more suitable sizes to render a more stabilized transcription complex for elongation during RSV transcription initiation.
INTRODUCTION
All segmented, negative-strand RNA viruses have been found to contain capped non-viral sequences at the 59 end of their mRNA (Nguyen & Haenni, 2003) . These chimeric mRNAs are synthesized via a cap-snatching mechanism, which was first described for influenza virus (Bouloy et al., 1978) . Cap snatching presumably involves cleavage of host mRNAs close to the 59 cap by a viral endonuclease and subsequent use of the short capped nucleotide sequences as primers for viral mRNA transcription (Dias et al., 2009; Reguera et al., 2010) . Cap donor RNAs are usually cleaved~1 0-20 nt from the 59 terminus (Bishop et al., 1983; Bouloy et al., 1990; Dhar et al., 1980; Duijsings et al., 1999 Duijsings et al., , 2001 Huiet et al., 1993; Kormelink et al., 1992; Patterson & Kolakofsky, 1984; Shimizu et al., 1996; Simons & Pettersson, 1991) , whereas members of the family Arenaviridae (Raju et al., 1990; ) and genus Nairovirus (Jin & Elliott, 1993b ) use a relatively short (1-7 and 5-16 nt, respectively) non-viral RNA leader. Many of these viruses have been shown to have a sequence preference for cleavage at the 39 end of the non-viral leader, assumed to reflect a sequence preference for cleavage by the viral endonuclease. For the Bunyamwera and Dugbe viruses, members of the family Bunyaviridae, a preference for cleavage after a U and C residue, respectively, has been proposed (Jin & Elliott, 1993a, b) . For the bunyavirus tomato spotted wilt virus (TSWV), cleavage occurred preferentially at an A residue, which led to the model that transcription elongation of TSWV required single-base complementarity between the RNA leader and viral RNA (vRNA) template (Duijsings et al., 2001) . More recent findings for TSWV (van Knippenberg et al., 2005) and influenza A virus (Geerts-Dimitriadou et al., 2011a, b) , however, demonstrated that multiple-base complementarity between the capped primer and viral template promotes the use of RNA leader sequences.
For the Hantaan virus, a bunyavirus in the genus Hantavirus, a prime-and-realign model has been proposed for the initiation of mRNA synthesis and virus replication . In this prime-and-realign mechanism, the capped RNA leader is initially primed with the 39 end of the viral genome template and is elongated by one to a few nucleotides. The nascent chain then realigns backwards by virtue of the terminal sequence repeats, before longdistance elongation takes place. In this model, a capped RNA leader ending with a 39 G residue or a single GTP is used as a primer for transcription or replication, respectively. The prime-and-realign mechanism has also been proposed for the Germiston and LaCrosse bunyaviruses (Bouloy et al., 1990; Dobie et al., 1997) to explain the presence of extra repetitive nucleotides at the 59 end of the viral mRNAs.
Rice stripe virus (RSV), the type member of the genus Tenuivirus , has caused severe disease in rice fields in China in recent years and is known to be transmitted by Laodelphax striatellus in a persistent, circulative-propagative manner Xiong et al., 2008a) . RSV is an RNA virus with four segmented single-stranded genomes. RNA1 is negative sense and encodes a single large protein of 337 kDa, which is probably the RNA-dependent RNA polymerase (Toriyama et al., 1994) . RNA2, -3 and -4 all contain two ORFs with an ambisense coding strategy. RNA2 encodes NSs2 (22.8 kDa) from the vRNA and NSc2 (94 kDa) from the viral complementary RNA (vcRNA). RNA3 encodes NSs3 (23.9 kDa), a known vRNA silencing suppressor (Xiong et al., 2009) , from the vRNA and NSc3, a nucleocapsid protein (35 kDa), from the vcRNA. RNA4 encodes proteins NSs4 (20.5 kDa) from the vRNA and NSc4 (32 kDa), involved in cell-to-cell movement (Xiong et al., 2008b) , from the vcRNA.
Maize stripe virus (MStV), with five ssRNA segments, and rice hoja blanca virus (RHBV), with four ssRNA segments, are also members of the genus Tenuivirus. MStV mRNA transcripts contained a 10-15 nt non-viral sequence at their 59 end (Huiet et al., 1993) . Co-infection of barley with MStV and barley stripe mosaic virus (BSMV) demonstrated that all capped (sub)genomic RNAs of BMSV could act in vivo as cap donors for MStV (Estabrook et al., 1998) . RHBV was also found to have non-viral nucleotides at the 59 end of the mRNAs of RNA4 (Ramirez et al., 1995) . Like those of other members in the genus Tenuivirus, the viral mRNAs recovered from RSV-infected wheat leaves also contained 10-23 non-viral bases at their 59 terminus (Shimizu et al., 1996) . However, sequence information for the particular wheat mRNAs that acted as cap donors for RSV were not available. Therefore, the cleavage specificity and sequence requirements at the 39 end of the capped leader sequence in RSV transcription initiation are still unknown.
RSV can infect Nicotiana benthamiana systemically after mechanical inoculation (Xiong et al., 2008b) . To understand better the sequence specificity, length and structure requirements for the capped RNA primer to initiate RSV transcription, we co-infected N. benthamiana with cucumber mosaic virus (CMV), which possesses capped RNAs, and RSV. We found that specific nucleotide sequences from CMV RNAs could serve as cap donors to initiate transcription of RSV mRNA synthesis during co-infection and that cleavage occurred preferentially at residues on the 59 end of CMV RNAs that had multiple-base complementarity with the 39 end of the RSV genome template. In the CMV-RSV chimeric transcripts, priming and realignment was often detected for short cap donors that were snatched from CMV RNAs. Although the prime-and-realign mechanism has been proposed for cap snatching of several viruses for a decade (Bouloy et al., 1990; Dobie et al., 1997; Garcin et al., 1995) , the biological significance of this mechanism has not been clarified. The findings in our study suggest that the repetitive prime-and-realign mechanism may serve to convert short capped RNA leaders of CMV into longer, more suitable sizes to render a more stabilized transcription complex for elongation during the transcription initiation of RSV.
RESULTS

CMV RNAs serve as cap donors for RSV transcription initiation
To test for the possibility of mixed infection, we mechanically inoculated six-eight-leaf N. benthamiana plants with RSV (Jiangsu isolate) and CMV (Fny isolate) on separate leaves of the same plant (three to four leaves were inoculated for each virus). At 20 days post-inoculation (p.i.), using RSV-specific primers with an RT-PCR assay, we detected the predicted PCR product (950 bp) in plants co-infected with RSV and CMV or in plants infected with RSV but not with CMV. Similarly, with CMV-specific primers, the expected-sized fragment (700 bp) of DNA was detected in plants co-infected with RSV and CMV or in CMV-infected plants, but not in RSV-infected plants (Fig. 1 ). These data clearly showed that RSV and CMV co-infected N. benthamiana.
To test whether CMV RNAs could serve as primer donors for transcription initiation of RSV mRNA synthesis, we used a nested RT-PCR to detect chimeric RSV (NSs4 or NSc3) mRNA containing 59 heterogeneous nucleotide sequences derived from the 59 terminus of CMV RNAs 1-4. The results of RT-PCR amplification demonstrated that all types of CMV-RSV chimeric RNAs could be amplified from RNA extracts of CMV/RSV doubly infected plants. No RT-PCR products were detected when the same primers were used with RNA from healthy plants, CMV or RSV singly infected plants, or from the mixture prepared in vitro of CMV and RSV total RNAs (Fig. 2) . These results indicated that RSV could snatch the donor caps from CMV RNAs to synthesize its own mRNAs during co-infection.
Sequence preference for cleavage of CMV RNAs in RSV transcription initiation
To determine the sequence preference for cleavage of cap donors from CMV RNAs, PCR products obtained from CMV/RSV RT-PCRs were cloned and their sequences determined. A total of 47 chimeric clones were obtained. These chimeric sequences were compared with the sequences of CMV RNAs and RSV RNA3/RNA4 to analyse their origin and sequence specificity.
Cleavage of CMV RNA1/2 occurred preferentially after residues that had multiple-base complementarity with the 39 end of the RSV template (Table 1) . We could not define the exact cleavage site on CMV RNA1/2, because both AC and ACA are possible cleavage sites. Of 21 chimeric clones from CMV RNA1/2 analysed, 17 clones cut at either the AC or the ACA site. The original length of these capped donors cleaved from CMV RNA1/2 was 10 (or 11) nt. Three clones were found to be cleaved after the C residue at the 59 end of CMV RNA1 or -2, generating a 16 nt capped primer. One chimeric clone was cleaved at the A site and produced a 12 nt RNA leader. The A or C residues on the CMV RNAs had single-base complementarity to the 39 ultimate or penultimate residue of RSV, respectively. Compared with the A residue, cleavage after the C residue was probably preferred for RSV transcription initiation.
For CMV RNA3, cleavage took place exclusively after AC residues, which had two-base complementarity with the 39 end of the RSV template (Table 1 ). The length of the capped donors cleaved from CMV RNA3 was 13 nt. All nine clones derived from the CMV RNA3-RSV chimeric sequences were found to be cleaved at this AC site; no other site was cleaved on CMV RNA3. CMV RNA4 also had a cleavage preference after an AC dinucleotide site, which had two-base complementarity with the 39 end of the RSV template (Table 1) . Of 17 clones derived from CMV RNA4-RSV (NSc3 or NSs4) chimeric sequences, all were cleaved at the AC site: 16 clones were cleaved at an AC site generating a 12 nt cap donor, whilst one clone was cleaved at an AC residue producing a 16 nt RNA leader.
Primer length requirement and preference for elongation of RSV chimeric transcripts
To determine the length requirement and preference for the CMV capped primer in subsequent elongation, we ran statistical analyses for the length of primers that underwent long-distance elongation from all CMV-RSV chimeric clones. Of the 47 chimeric clones derived from CMV RNA 1-4, none was found to be generated from primers shorter than 12 nt, 14 clones were derived from 12-13 nt primers, 17 from 14-15 nt primers, ten from 16-17 nt primers, four from 18 nt primers and two from 20 nt primers (Fig. 3a) . No chimeric clones were obtained from primers .20 nt. From these data, the primer length required for elongation of the CMV-RSV chimeric transcripts varied between 12 and 20 nt; primers between 12 and 16 nt generated significantly more chimeric clones (40/47 clones, 85.1 %), and primers .16 nt produced fewer transcripts.
Use of repetitive priming and realignment to convert short CMV cap donors into longer sizes that may be more suitable for elongation
The original cap donors, GUUUAUUUAC(A), GUAAU-CUUACCAC or GUUAUUGUCUAC, that were cleaved from CMV RNA1/2, RNA3 or RNA4, respectively, were predominantly short (10-13 nt). However, the size of CMV capped RNA leaders that underwent long-distance elongation were between 12 and 20 nt as described above.
Analysis of the 59-end sequence from the chimeric clones showed various degrees of extra AC repeats between the original CMV cap donor and corresponding RSV sequence (Table 1) . Further sequence analysis revealed that most of the long RNA leaders were derived from original cap donors, and up to five repetitions of AC dinucleotides were used to increase the size of short cap donors in multiple cycles of priming and realignment. Each prime-and-realign cycle added an AC dinucleotide onto the capped RNA leaders; thus, the short cap donors were gradually converted to longer capped RNA leaders (from 12 to 20 nt) for elongation by this repetitive prime-and-realign mechanism (Table 1) . Interestingly, the original 10 nt (or 11 nt) cap donor cleaved from CMV RNA1/2 did not undergo direct extension: only capped RNA leaders that had been increased to ¢12 nt were used for long-distance elongation (Table 1) .
DISCUSSION
The data showed that CMV-RSV chimeric RNAs could be amplified from N. benthamiana plants co-infected with Combinations of the specific RT-PCR primers were used to amplify the chimeric RSV NSc3 (a-c) and NSs4 mRNA (d-f) containing the cap donor derived from CMV RNA1 and -2 (a, d), RNA3 (b, e) and RNA4 (c, f). The 59-end leading sequence from CMV RNA1 and -2 is identical, so they could not be differentiated. The amplified specific PCR products for the chimeric NSc3 and NSs4 mRNAs were~300 bp. both viruses. Capped CMV RNA1-4 all served as primer donors for transcription of the RSV mRNAs. The 59 end of the CMV RNAs was cleaved preferentially at residues that had multiple-base complementarity with the 39 end of the RSV genome sequence. Cleavage after an A or C residue that had a single-base complementary to the 39 ultimate or penultimate residue of the RSV template was also found. However, cleavage after an AC dinucleotide on the CMV RNAs occurred far more often than cleavage after an A or C residue. Such cleavage preference for RSV transcription initiation is consistent with recent findings for TSWV and influenza A virus that multiple-base complementarity between the capped primer and viral template promotes the use of RNA leader sequences The CMV-RSV chimeric transcripts contained up to five repetitions of AC dinucleotides. Sequence analysis revealed that these extra AC dinucleotides were generated by repetitive priming and realignment, where each primeand-realign cycle added an AC dinucleotide onto the original cap donors snatched from CMV RNAs. Consequently, the original short snatched capped primers were gradually elongated (up to 20 nt). Although the prime-andrealign mechanism has been proposed to explain extra repetitive nucleotides at the 59 end of viral mRNAs for several viruses in previous studies (Bouloy et al., 1990; Dobie et al., 1997) , our results have demonstrated, for the first time to our knowledge, that priming and realignment can gradually increase the size of capped RNA leaders for elongation. Extra AC dinucleotides have also been observed in native RSV chimeric mRNA transcripts (Shimizu et al., 1996). Of 79 chimeric clones, 22 were found to contain extra AC dinucleotides and eight clones had two repeats of AC dinucleotides ( Table 2 ), suggesting that cap donors snatched from native mRNA could also undergo priming and realignment. In an analysis of BSMV-MStV chimeric sequences by Estabrook et al. (1998) , a number of clones also contained extra AC repeats (Table 3) , indicating the involvement of repetitive prime-and-realign cycles in MStV transcription initiation.
The statistical data from the CMV-RSV chimeric mRNA sequences demonstrated that the primer length requirement for elongation varied from 12 and 20 nt, and that primers between 12 and 16 nt were optimal for elongation in RSV transcription initiation. A similar requirement and preference for the size of the capped RNA leader was also shown for native RSV chimeric mRNAs (Fig. 3b) . The original 10 nt (or 11 nt) cap donor cleaved from CMV RNA1/2 did not undergo longdistance extension; only capped primers that had been increased to ¢12 nt were used for long-distance elongation. For replication of influenza A virus, a prime-and-realign mechanism has been postulated to convert an initiating replication form that only weakly holds RNA to an elongation form that tightly holds RNA (Kawaguchi & Nagata, 2007) . During co-infection with CMV/RSV in N. benthamiana, the capped donors cleaved from the CMV RNAs were predominantly quite short (10-13 nt), and the majority underwent repetitive primeand-realign cycles to increase their size. These findings suggest that repetitive priming and realignment probably serves to adjust short primers into longer, more suitable sizes to render a more stabilized transcription complex prior to elongation in RSV transcription initiation. The process of priming and realignment itself may be critical in size optimization of CMV capped primers, but it is also possible that the repetitive prime-and-realign mechanism simply converts the short cap donors into a range of longer sizes (12-20 nt), whilst the RSV transcription polymerase picks up the proper length of capped RNA leaders for elongation.
The repetitive prime-and-realign cycle occurred frequently with the CMV capped RNA leaders in this study, but such frequency was not found for native RSV mRNA in wheat (Shimizu et al., 1996) . The difference may be that, in the native state of the RSV-infected plant, a large quantity of mRNAs is available to serve as cap donors. Many of the snatched cap donors may already be an optimal size for direct elongation and do not require any priming and realignment. For MStV, chimeric clones that did not undergo priming and realignment were also found to be derived from capped RNA leaders that were already 12-16 nt; chimeric clones that underwent prime-and-realign cycles were all associated with short cap donors (10 and 11 nt) (Estabrook et al., 1998) .
It is interesting that priming and realignment was not found for CMV capped primers ending with A or C alone, which had a single-base complementary to the RSV 39 ultimate or penultimate residue. Thus, multiplebase complementarity between the capped primers and the viral template may promote not only the use of RNA leader sequences (Geerts-Dimitriadou et al., 2011a, b; van Knippenberg et al., 2005) , but also the occurrence of prime-and-realign cycles. The CMV RNA primers ending with AC residues were indeed highly correlated with the high frequency of priming and realignment in our study.
To test this correlation, we introduced mutations into the AC site of CMV RNA3, which was then mixed with RSV and used to co-inoculate N. benthamiana. However, all attempts to detect the CMV-RSV chimeric sequence failed, probably because mutants of RNA3 were not efficiently replicated by in vitro transcripts of CMV RNA1 and -2. Analysis of BSMV-MStV chimeric sequences, however, showed that capped primers that had a single-base complementarity with the vRNA template underwent priming and realignment (Estabrook et al., 1998) . This indicates that multiple-base complementarity is not absolutely required for the occurrence of the primeand-realign mechanism in MStV transcription initiation. Whether multiple-base complementarity promotes the prime-and-realign mechanism for RSV transcription initiation remains to be investigated.
METHODS
Plant material and virus isolates. Six-to 8-week-old N. benthamiana plants were dusted with carborundum powder and mechanically inoculated with RSV (Jiangsu isolate), CMV (Fny isolate), or RSV and CMV on separate leaves of the same plant. Distilled water was used for mock inoculation. All inoculated plants were grown in an insect-free growth chamber with 16 h light/8 h dark at 28 uC. Table 2 . Native chimeric mRNA transcripts from RSV-infected wheat contain AC dinucleotides RSV (39A59) terminal template sequences are shown first. The capped RNAs that could be used as the primer leader are underlined. Extra AC or ACAA nucleotides that could be generated from priming and realignment are in bold, and residues that could be complementary to the vRNA template (39-UG...) are in italic. Data from Shimizu et al. (1996) .
Co-infection assay of CMV and RSV in N. benthamiana. At 20 days p.i. (Fig. 1) , total RNA from virus-or mock-inoculated N. benthamiana leaves was extracted using Trizol reagent (Invitrogen). The possibility of mixed infection was tested using total RNA, which was reverse transcribed with Superscript reverse transcriptase (Invitrogen) according to the manufacturer's protocol. RSV-specific (RSV NSc3-F and NSc3-R) and CMV-specific (Fny CP-F and CP-R) primers (see Supplementary Table S1 , available in JGV Online) were used in RT-PCR to detect CMV/RSV doubly infected plants or CMV or RSV singly infected plants. All 24 plants (in a total of three independent experiments) inoculated with CMV developed typical symptoms and were shown to be RT-PCR positive. Interestingly, only ten out of 32 plants (in a total of three independent experiments) inoculated by RSV developed typical symptoms and these plants were also shown to be positive by RT-PCR, whilst all 30 plants (in a total of three independent experiments) inoculated with both CMV and RSV were shown to be doubly infected by RT-PCR assay.
RT-PCR assay and sequence analysis for CMV-RSV chimeric transcripts. To detect RSV mRNAs containing capped 59 nucleotide sequences derived from CMV RNAs, we used a nested RT-PCR strategy, as described by Duijsings et al. (1999) and Estabrook et al. (1998) . Briefly, the 59 PCR primers were designed to be identical to the 59-terminal 10 nt for each of the respective CMV RNA1, -2, -3 and -4, and the 39 PCR primers were designed to be complementary to RSV NSc3 and NSs4. RT-PCR was then used with total RNAs from individual healthy plants, individual plants infected singly with CMV or RSV, or individual plants co-infected with CMV and RSV. The primer sequences are given in Supplementary Table S1 . Fragments of the anticipated sizes of the PCR products were purified using a TaKaRa Agarose Gel DNA Purification kit and cloned into pMD19-T (TaKaRa). Sequences were determined using an automated model 3730 DNA sequencing system (Applied Biosystems). All chimeric sequences obtained were compared with the 59 end sequence of the CMV RNAs or the 39 end sequence of RSV RNA3 and -4 to analyse their origin and sequence specificity.
